Abstract-We examine how fuel price variation resulting from either market forces or environmental policy initiatives affects the optimal mix of services in intercity transportation. We develop analytic continuum approximation total logistics cost (TLC) models of intercity transportation that are sensitive to fuel price, incorporate multiple classes of vehicles, and serve passengers with differentiated values of time. We find that under high fuel prices, the TLC is minimized by effectively segregating passengers on different types of vehicles according to their values of time. Numerical examples confirm the cost advantage of serving intercity corridors with diversified transportation services.
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I. INTRODUCTION

H
IGH FUEL costs and their impact on the intercity transportation have motivated considerable research. On both the macro and micro scale, research agendas related to fuel prices and intercity transportation systems are driven by the domains of sponsoring organizations. While policy relevant research supports the decision making of organizations, the policy interventions investigated are often limited to those within the domain of an organization. This can lead to suboptimal solutions, as the components are optimized rather than the system as a whole [1] . In this research, we take a systemslevel point of view in investigating the effects of fuel prices on scheduled intercity transport. The need for a system-level point of view is motivated by the complex challenges related to the fuel prices: their variability and their relationship to greenhouse gas emissions, the gases causing climate change. Fuel prices may change as a result of market forces, a trend seen in the fuel price fluctuations from 2007 to the present and the general upward trend of fuel since 2004. Additionally, fuel prices may change significantly in the future because of environmental policies, since they are directly correlated with the production of carbon dioxide, the most abundant greenhouse gas. It is possible that environmental policies will M. Hansen is with the University of California, Berkeley, Berkeley, CA 94720-1720 USA (e-mail: mhansen@ce.berkeley.edu).
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Digital Object Identifier 10.1109/JSYST. 2013.2249213 be directed at intercity transportation, particularly related to aviation, both because of policy precedent being set with the inclusion of aviation in the European Union Emissions Trading Scheme and aviation's growing contribution of emissions [2] . Aviation's contribution of carbon dioxide emissions to global emissions is projected to grow from 2% in 2009 to 3% in 2050 globally, which represents a growth from 3 to 5% regarding warming potential [2] . Faced with an environmental and financial challenge of global scale and significance, intercity transportation organizations are grappling with how to balance their roles as environmental stewards and promoters of regional economic growth development.
In this paper, we seek to model the impact of fuel price on intercity transportation system operations by taking a system optimal perspective. In developing a methodology to capture the system optimal organization of intercity transportation under varying fuel prices, we consider a central planner minimizing the total logistics cost (TLC), the sum of the two main intercity transportation cost components: vehicle operators and passengers. In determining optimal service mix, a central planner could deploy a variety of intercity modes, including high speed rail, bus, and aircraft, at different operational levels. These vehicles have differentiated service qualities and inputs needed to produce passenger output. It could therefore be advantageous to serve an intercity corridor with a single vehicle technology, or alternately, a mix of vehicle technologies appealing to passenger subpopulations. This is particularly relevant for short-and medium-haul intercity transportation, where diverse passenger travel purposes lead to highly differentiated passenger values of time.
TLC functions that consider multiple vehicle types are well-explored in the literature, as are ones that address input substitution; however, we lack an integrated analytic model that captures both effects fully in one function in the context of intercity passenger transportation. To this end, we develop analytic TLC models that capture operator costs and passenger costs, which are sensitive to fuel price, and incorporate multiple classes of vehicles serving passengers with differentiated values of time. In considering an intercity transportation corridor from a TLC approach, we draw on the long history of multimodal operations planning research. In urban passenger transportation, the central planner perspective has been employed to investigate the impact of transportation system policies and new modal alternatives. Meyer et al. [3] consider the comparative costs of urban commute travel by aggregating the three components of a total commute: residential collection, line-haul connection, and downtown distribution in a single function. Keeler et al. [4] broaden the work in [3] by adding emission values to operating cost and incorporating passenger costs with passenger value of time. In planning transportation system operations related to the urban commute, [4] jointly considers operating and passenger cost to determine the urban commute operations that minimize total cost, avoiding detailed data collection.
Research on the future of air transportation and aviation policy scenario analysis has also employed the TLC approach. Viton [5] maximizes the net benefit of providing air service over a corridor by trading off user costs and operating costs, such that flight frequencies, number of travelers, and fare are altered. When optimized, user benefit of increased frequency and the use of higher service quality aircraft are balanced by the marginal cost incurred to the carrier. A critical drawback is that the function is minimized by assigning discrete aircraft models to different corridors using standard values for stage length, value of time, and fuel prices. Hansen [6] uses a TLC model incorporating operating and passenger cost to investigate the potential introduction of a new aviation technology with different accessibility characteristics in the short-haul aviation market; however, this analysis considers corridors served exclusively by one vehicle type and a standard value of passenger time.
In the TLC model developed in this research, we address the skepticism shared by [4] and [5] in using one value of time to represent all passenger values of time (such as high-valued business travelers and low-valued leisure travelers) and in using one value for fuel price. We assert that it may be possible to leverage the cost-reducing potential of alternative vehicles with different cost structures and service attributes, as found in [7] . In this study, we consider passengers with the value of time following a distribution, we additionally keep fuel price as a parameter and evaluate how optimal solution changes parametrically with this key variable, a practice demonstrated in [8] .
In developing a TLC model for intercity transportation that incorporates differentiated values of time, we seek to inform decision makers' vision of the system optimal, longterm response to different fuel price levels. While, as noted above, no one organization can single-handedly cause this vision to be realized, many can play a hand. Service providers, such as airlines and bus operators, can incorporate results of this work into long-term business strategies, as can vehicle manufacturers. Public sector policy makers can also work to create incentives or devise regulations that will encourage the intercity transportation systems to evolve toward their optimal configuration. It is not the purpose of this research to identify specific business strategies or public policies, but we set the stage for doing so by identifying a desirable end-state to work toward, and the key cost and demand parameters that determine this end-state.
The remainder of this paper is organized as follows. Section II presents the assumptions and structure of the TLC function methodology. In Section III, we construct TLC functions for single and mixed vehicle combinations considering passenger time to follow a distribution. We describe the model assumptions and setup, and achieve an analytic solution for operational frequency and vehicle size. Section IV presents numerical examples with jets and turboprops as the possible intercity transportation vehicles. A summary and conclusions are presented in Section V.
II. TOTAL LOGISTICS COST FUNCTION ASSUMPTIONS AND STRUCTURE
In this research, we consider passengers who desire to travel on an intercity corridor. We consider a similar setup to that in [5] such that we have a corridor served by a dominant transportation technology and are considering an alternative technology, which can either serve the corridor exclusively or in a mixed fleet with the dominant mode. We consider potential fleets to either consist of one or two vehicle types (or technologies). In the case of a single vehicle fleet, we define the vehicle type to be i where i ∈ I , where I is the set of possible vehicle technologies. If the fleet contains two vehicle types, we define the vehicle pairs to be c, where c ∈ C; c is thus a set containing two vehicles, which are in turn elements of set I. We therefore have i ∈ I or i ∈ c and use the index i to generally refer to a vehicle technology whether it is part of a single-or two-vehicle fleet.
Service on this corridor is represented on an infinite timeline with vehicles scheduled to serve a single origin-destination pair. There is no limit on the number of vehicles available and therefore on the schedule frequency. Each passenger group has a desired departure time that is uniformly distributed and passengers must be served in the headway in which they desire to depart. The continuum approximation method described in [9] illustrates that with a stationary wished-for arrival curve and the passenger assumptions made here, vehicles are scheduled uniformly to minimize schedule delay. We assume that passengers have a value of time that follows a continuous distribution and that at each time t a passenger will be assigned one of the two vehicle departures that bound the headway in which they desire to depart. Each vehicle operation on technology i -whether i ∈ I or i ∈ c -generates a cost to the service provider and a cost to the passengers on-board. There are two costs incurred by the supplier to operate vehicle type i: a fixed component (α i ), which does not depend on the passenger load and a variable component (β i ), which represents the marginal cost of carrying an additional passenger on a vehicle operation. Both α i and β i are functions of fuel price f, distance d, and other supplier factors. Note that since the marginal cost is completely internalized the solution is system and user optimal.
Passenger demand is Q per hour. Each passenger incurs two costs associated with traveling on the intercity transportation system. The first is the time spent in-vehicle, which is the travel time for a given distance on vehicle type i (m i ). The second is schedule delay, the difference between when a passenger desires to depart and the actual departure time of vehicle i . The time costs are monetized through the passenger value of time. We assume that passenger demand is exogenous, as our focus is on the supply side rather than the demand side of the system.
We consider a central planner assigning passengers to a vehicle such that each passenger-and thus the passengers in aggregate-incurs minimum generalized cost. Passengers have a value of time that follows a continuous distribution. We consider that at each time point t, a passenger will be assigned one of the two vehicle departures that bound the headway in which they desire to depart. Passenger assignment is based on passenger and vehicle attributes. Consider Fig. 1 , which represents the single vehicle case for vehicle technology i ∈ I and the mixed vehicle case in which the two vehicles form the set c ∈ { j, k}. Both figures have an x-axis of time, over which they depict an interval of time between two scheduled departures-i.e, a headway. In both the cases, the expected total time (generalized, to include money costs) faced by a passenger desiring to depart during this headway (of time length F −1 ) is the sum of the travel time, m i , the variable cost divided by value of time, β i /λ(t), and their schedule delay, t or F −1 − t (in which an unsubscripted F is used to represent both F c and F i ).
We assume for the mixed vehicle case that the following inequalities hold: β j ≥ β k , m k ≥ m j . As β i and m i are vehicle attributes, passenger assignment depends on their value of time, such that at each point t there is an indifference value of time λ(t). This is a time-dependent value of time for which, a passenger with this value of time would be indifferent between the two vehicle types. This and the model formulation will be explored in Section III.
III. TOTAL LOGISTICS COST MODELS
We begin with a definition of the notation of parameters and decision variables. 
The objective function, the sum of the passenger and supplier costs, is globally convex with decision variable F i
The value of optimal frequency represents the primary competing forces in intercity transportation: economies of scale and passenger preference for customized service. As fixed costs increase, then, all things being equal, frequency decreases, because of the greater cost penalty for operating more vehicles. Conversely, as passenger value of time and/or demand increases, then, all else equal, frequency of operations increase as passengers-either individually or collectivelyderive more value from frequent service. In the logistics literature, this is also referred to as the Economic Order Quantity (EOQ) [9] .
The total logistics cost function is nonlinear and convex; we find the optimal value of frequency is inversely proportional to fixed vehicle cost and positively related to passenger flow and value of time, capturing the EOQ tradeoff costs
B. Mixed Vehicle Fleet
In the mixed vehicle case, a passenger who desires to depart at time t, 0 ≤ t ≤ F −1 c , will be assigned to either of the two available vehicle types (identified by j and k hereafter). The objective function is the total logistics cost function of an intercity transportation corridor served by vehicles in set C. The decision variable is the frequency of the mixed vehicle fleet per unit time that, following the deployment assumption above, is equally divided across the two available vehicle types. The notation for the decision variable is F c,a and the objective function is z c,a where a corresponds to the case number a ∈ A = {b, 1, 2, 3, 4, 5}.
We assume value of time and desired departure time are independently and uniformly distributed and consider the indifference value of time, λ(t) which is unique to each departure time t for which passengers who desire to depart at t are indifferent to both vehicle types. The generalized cost of a passenger desiring to depart at time t is the sum of the vehicle travel time, the variable cost divided by the indifference value of time, and the schedule delay. The schedule delay for a passenger who desires to depart at t would be t for vehicle type k or F −1 c − t for vehicle type j. We find the indifference value of time by setting the generalized cost incurred by a passenger on either vehicle to be equal
A headway with a departure at t = 0 of vehicle type k and a departure at t = F −1 c is identical to a headway with the opposite vehicle departure profile. Because passenger value of time follows a distribution, the probability that a passenger has a value of time below the critical value is the cumulative distribution function at λ(t), F(λ(t)). We consider passenger value of time to follow a uniform distribution, hence:
In considering λ(t) over the range λ 1 < λ(t) < λ 2 we ensure that 0 < F(λ(t)) < 1 (we will explore cases when λ(t) violates these bounds in the following section). Fig. 2 shows the graph of λ(t) versus t, over the range λ 1 < λ(t) < λ 2 .
We develop the total logistics cost function for case b (the base case), which is defined by the indifference value of time 
Reference [10] finds that the contribution of this component is insignificant over a wide range of numerical values. We define two functions: the full model (8) and the truncated model termedF c,b (9) , which is the full model without the log term. To gain insights from an analytic form, we use the truncated model
We find the frequency that minimizes total logistics cost by minimizing the total logistics cost function over the decision
This function of frequency is identical to that of the single vehicle case except the denominator is the sum of the two vehicle technologies in the mixed vehicle case. Considering
The TLC function at optimality is shown in (11), again with a component capturing the trade between fixed cost and passenger value of time
Contrasted with the single vehicle case, in the mixed case TLC function at optimality, we have functions of the difference in passenger value of times. As the passengers become more 
∀t, all passengers are assigned to k Case 1(c)
Case 2: ∀t, all passengers are assigned to j Case 2 λ(t) ≤ λ 1 ∀t
Case 3: For some t, passengers divided between vehicles; For some t, all passengers assigned to j; For some t, all passengers assigned to k
Case 5: For some t, all passengers assigned to k For some t, passengers divided between vehicles differentiated, such that the difference in the upper and lower bound of travel time increases, the TLC increases. If we consider the differentiation coming from an increase in λ 2 holding λ 1 constant, we find that the frequency increases; this is interpreted to mean that schedule delay becomes more onerous compared with travel time for passengers. This in turn translates to greater TLC through the increased frequency. The optimal solution is valid when 0 < λ(t) < λ 2 , such that for all time t passengers are divided between the vehicle types. Upon determining that 0 < λ(t) < λ 2 is violated, the appropriate alternative case (compared with the base case) is determined using the indifference value of time. There are five ways the conditions can be violated presented in five groups in addition to the base case, a ∈ A = {b, 1, 2, 3, 4, 5}. For all cases, we consider t on the interval [0, F −1 c,a ] and passengers with λ on the interval (λ 1 , λ 2 ). We explore the bounds of λ(t) over the two extreme times of a headway: t = 0 and F −1 c . Table I presents the five cases. Before exploring the cases, we explore the bounds of λ(t):
If we find the base case is in violation of 0 < λ(t) < λ 2 , then we solve for the appropriate case a and solve for in each case in the following sections, we seek to prove that F * c,a < F * c,b to insure that another case could not become valid. If vehicles become more differentiated from a fuel price increase, the value of (β j − β k ) increases, which increases λ(t), threatening to violate the upper bound of λ(t) < λ 2 . If vehicle travel times increasingly differ showing an increase in m k −m j , the value of λ(t) decreases, possibly below the lower bound. As vehicles become more differentiated, it becomes more possible to violate the conditions of the base case and that an alternative case becomes valid. In short, as fuel price increases causing vehicles to become more differentiated, the TLC is minimized by effectively segregating passengers on different types of vehicles according to their values of time.
1) Case 1 and Case 2: If λ(t) < 0∀t or λ(t) ≥ λ 2 ∀t, there are no passengers divided between vehicle types, and all passengers are simply assigned to one vehicle type. In case 1(a), λ(t) < 0∀t, such that for all wished-for departure times t, the indifference value of time is negative. When schedule delay is taken into account, vehicle j takes longer than the less expensive vehicle k. Since we assume that no passengers would be willing to spend more for a longer trip, all passengers will choose vehicle k in this case. Case 1(b) is when λ(t) ≥ λ 2 ∀t, such that passengers have an indifference value of time that is greater than the upper bound. No passenger is willing to pay the extra cost required to take the fast, more expensive vehicle. Thus, they are all assigned to vehicle type k. In case 1(c), some values of t make it such that λ(t) < 0, while for other values λ(t) ≥ λ 2 . Despite the discontinuity, case 1(c) identical to (a) and (b) such that all passengers are assigned to vehicle type k. Case 2 is when all passengers are assigned to vehicle type j, such that for ∀t, λ(t) < λ 1 . These three cases are illustrated in Fig. 3 displaying λ(t)vs t. In both cases, since no passengers are divided between vehicle types, the expected value of time isλ. The total logistics cost function is globally convex, where for a = 1, i = k and for a = 2, i = j
This function is identical to the single vehicle case model, except for the fixed cost component. Therefore, F * c,a = (Qλ/ i∈a c i )
1/2 where a ∈ A = (1, 2). Because this frequency is equal to that of the base case (9), λ(t) is equal in the base case and in case 1 and case 2 ∀t, cases 1 and 2 are terminal cases. Upon solving for the base case, if it is determined that λ(t) is outside (λ 1 , λ 2 )∀t, then either case 1 or case 2 is the final case to be solved.
2) Case 3: For case 3, two different scenarios yield mathematically the same result (Fig. 4) . The cases are identical, as passengers are assigned to vehicle type k until a time for which λ(t) = λ 2 ; after this point in time passenger are divided between vehicles until the time t for which λ(t) = λ 1 , after that passengers are assigned to vehicle type j for the duration of the headway. Case 3(a) is identical to case 2(a) up until the t where λ(t) = λ 1 . The same holds for case 3(b), such that it is identical to case 2(b) until the time t for which λ(t) = λ 1 , after that passengers are assigned to vehicle type j for the duration of the headway.
We have three "regimes" in case 3 separated by two times t 1 and t 2 : 0 < t < t 1 ; t 1 < t < t 2 ; t 2 < t < F −1 c, 3 . t 1 is the time for which λ(t) = λ 2 :
All passengers who arrive on 0 ≤ t ≤ t 1 are assigned to vehicle type k. t 2 is the time for which λ(t) = λ 1 : 
The full function andF c, 3 are presented in Appendix B. As was found in the base case, the difference between the full function and truncated function is relatively small. It is again possible that another case could become valid. Upon determining the value ofF * c, 3 , we re-calculate the value of λ(t). We numerically determine the relationship betweenF c ) would decrease compared to the base case. Therefore, the alternative cases to three are for more passengers to be assigned to vehicle j and the rest divided (case 4) and for more passengers to be assigned to vehicle type k and the rest divided (case 5).
3) Case 4: In case 4, passengers who arrive at time t such that t 2 < t < F −1 c,4 are assigned to vehicle type j, while passengers who arrive over 0 < t < t 2 are divided between vehicles (Fig. 5) . There is one time, t 2 that divides the two time regions before and after the t or which λ(t) = λ 1 : The full function andF * c, 4 are presented in Appendix C. As was found in the base case, we find the difference between the full and truncated values to be relatively small. Upon determining the value of F * c, 4 , we re-calculate the value of λ(t) as it may be possible for another case to become valid. We again numerically determine the relationship betweenF * c, 4 and 4 ) would increase; this would lead to more passengers assigned to vehicle type j. Therefore the only alternative case is 2. 4) Case 5: For Case 5, two different scenarios yield mathematically the same result. The cases are identical, as passengers are assigned to vehicle type k until a time for which λ(t) = λ 2 ; after this point in time passenger are divided between vehicles. In Case 5(a), passengers arrive at certain times t for which λ 2 ≤ λ(t), with the indifference value of time that is equal to or greater than the upper bound, such that they are assigned to vehicle type k. Passengers arriving at t such that 0 < λ(t) < λ 2 will divided between vehicles. In Case 5(b), 0 < λ(t) < λ 2 for some t such that passengers are divided between vehicles; while λ(t) ≥ λ 2 for some t and λ(t) < 0 for some t such that passengers are all assigned to vehicle k. At the discontinuity all passengers continue to be assigned to vehicle type k as λ(t) approaches 0 + , as λ(t) ≥ λ 2 . The region of the CDF for which these sub-cases fall, and the graph of λ(t) vs.t are shown in Fig. 6 .
We have two regimes in case 5 separated by a time
c . This is the time for which λ(t) = λ 2 :
All passengers who arrive on the interval 0 ≤ t ≤ t 2 are assigned to vehicle type k, while passengers who arrive on the interval t 2 ≤ t ≤ F −1 c,5 are divided between vehicles. Hence
The full function andF * c, 5 are presented in Appendix D. As was found in the base case, the difference between the truncated and full model is relatively small. Upon determining the value ofF * c, 5 , we re-calculate the value of λ(t). We numerically determine the relationship betweenF * c,b ) would decrease compared to the base case; the alternative case is therefore 1. As passengers arriving over some t are already assigned automatically to vehicle type k, the only additional valid solution is Case 1, where passengers for all t are assigned to vehicle type k.
Now that the single vehicle case, the mixed vehicle base case, and the five alternative mixed vehicle cases are solved, we present the solution algorithm (Fig. 7) .
Upon solving for z * i ∀i and z * c,a through the solution algorithm, we find the minimum TLC combination (either single or mixed) by enumeration.
IV. NUMERICAL EXAMPLES
We illustrate the analytic model of intercity transportation to gain insights into the impact of fuel price on optimal service mix in representative corridors. Using the TLC function, we explore an intercity passenger transportation corridor served by jet aircraft technology and turboprop aircraft technology. Through numerical examples, we explore how the minimum cost vehicle technology changes with fuel price. We also explore comparative relationships across vehicle combinations with numerical examples, including the difference in TLC across vehicle combinations.
A. Parameter Values
In identifying parameters for the numerical example, we collect operating statistics and published values from the literature and publically available sources. Table II presents the parameters, their values, and comments on the source. Some parameters in Table II are varied in the following sections.
There are sensitivities related to the parameter choices. For example, the value of α and β for both aircraft types is based on the aircraft technologies in existence presently. It is likely that engine efficiency, particularly jet engines, will increase in the future, which would impact the numerical examples presented [11] . Additionally, notice that for a key parameter, value of time, we do not distinguish between the value of time spent in schedule delay and the value of travel time. This addition would be a simple change to the analytic TLC function; furthermore, we are looking for analytical insights rather than numerical answers. In addition, the relative value of travel time and schedule delay are unclear. For example, [12] estimates the value of in-flight time to be about double that of schedule delay for business passengers and about seven times that of schedule delay for leisure passengers. However, it is possible that with onboard amenities (such as wireless internet) and with uninterrupted laptop open time, the value of schedule delay may become more heavily weighted compared with the value of in-vehicle time [13] .
B. Graphical Representations of Total Logistics Cost
1) Sensitivity of Total Logistics Cost to Fuel Price:
When we plot the TLC per passenger against fuel price for all three vehicle combinations (Fig. 8) , we find that the mixed vehicle case and the turboprop alone provide the minimum TLC. The curves for a mix of jets and turboprops and turboprops alone cross around $8.00/gallon, which is a fuel price not projected to occur until after 2035 by the Energy Information Agency (EIA 2010). The cost of choosing the incorrect mix when comparing the mixed vehicle case and the turboprop alone is minimal; when comparing either case to the jet alone the cost of being incorrect can be up to $24/passenger. When fuel alone is considered (Fig. 9) , we see that we could reduce fuel consumption by 20% from switching to a mixed fleet from jets alone, and by 30% by switching from a mixed fleet to turboprops alone. At the fuel price of $8.00/gallon when the minimum cost fleet switches from a mixed fleet to a turboprop fleet, the fuel savings of switching would be 32%. Additionally, considering passenger assignment, there are fuel price values at which the operative case changes (as discussed in Section III-B). At fuel prices below $2.00/gallon, the base case holds, such that all passengers are divided between vehicles. For fuel prices greater than $2.00/gallon, case 5 holds such that, over headway F −1 c, 5 , for some t passengers are exclusively assigned to the turboprop for the remaining portion of t, passengers divided between vehicles. This confirms what was suggested by the analytic TLC model that as fuel price increases, passengers can be effectively segregated to reduce costs. Because of this limited passenger assignment, the mixed vehicle case is the minimum cost vehicle arrangement until a very high fuel price.
We next evaluate how the vehicle frequency that minimizes TLC changes over fuel price for each vehicle combination (Fig. 10) . As we expect, the plot of frequency versus fuel price is monotonically decreasing. The curves decrease more slowly as fuel price increases because TLC is concave in frequency. The results show that it is possible to increase the vehicle frequency that serves a corridor by switching modes, for example, from jet to turboprop. The desirability of increasing frequency at the expense of increasing travel time depends on the relationship between the unit costs of travel time and schedule delay, which, as discussed above, are assumed equal in this analysis.
2) Sensitivity of Total Logistics Cost to Distance:
To consider the sensitivity of these results to distance, we vary distance while holding fuel price and the other parameters constant (Fig. 11) . We find that, for the current set of parameters there is a distance transition point between 325 and 375 miles. For corridors of distances below about 300 miles, there is a clear order from highest to lowest cost vehicle combinations; a different but equally well-defined order exists for corridors of distances greater than 375 miles. As the fuel price increases, the transition point occurs at a longer stage length. Longer stage lengths favor the faster jet technology, but higher fuel prices favor the turboprop technology that is less sensitive to fuel price. As fuel price increases, the transition from turboprop to jet (along with the mixed technologies) therefore occurs at a longer stage length. Therefore, we find that for a given fuel price, there is a well-defined transition point, before and after which the order of minimum cost combinations are not impacted by distance.
We change from different cases at distance values. At short distances below about 80 miles, we are in Case 1, such that all passengers are assigned to the turboprop technology. In between about 80 and 450 miles, we are in Case 5, such that now only some passengers are assigned to the turboprop and for the remaining t passengers divided between vehicles. We find that we are segregating passengers over corridors of short distances because the vehicle travel times are very similar; as the value of m k − m j is small, λ(0) gets smaller and λ(F 3) Sensitivity of Total Logistics Cost to Passenger Demand and Value of Time: To consider the sensitivity of these results to passenger demand, we vary the total demand. We find significant switching of minimum-cost designations across vehicle combinations (Fig. 12) . Furthermore, we find that for extreme demands, the jet, single or in a mix with turboprops, minimizes costs at the given level of parameters. At the level of inputs explained by Table II , the turboprop has a lower fixed cost and therefore, for low level of passenger demands has the minimum cost. At higher demand levels, the turboprop certainly has higher frequencies compared with the mixed vehicle case, but the mix of vehicles is able to achieve minimum cost due to the other cost incurred by the passengers, the travel time. We see that the results suggest turboprops should have a larger role than we see in the fleet at the present time.
We change from different cases at distance values; as demand increases, the frequency increases, moving us from a case that segregates passengers to the base case. For demands below 605 passengers/hour only some passengers are assigned to k and for the remaining t passengers divided between vehicles (Case 5); for extreme demands all passengers are divided between vehicles (Case b).
We now vary the business (and leisure) passenger value of time by setting λ 1 and λ 2 such that the mean and standard deviation are equal to those of the business and leisure travelers estimated by [12] (about $70/hour and $30/hour, respectively) while keeping the ratio of 7/3 constant. Fig. 13 shows how the TLC varies with business passenger value of time. As can be seen, the results are not highly sensitive to value of time, such that there is a clear order from highest to lowest cost vehicle combinations over the range of values of time (with a slight discrepancy at low values of time).
For λ 2 < 160, only some passengers are assigned to the turboprop and for the remaining t passengers divided between vehicles (Case 5); for high values of time all passengers are divided between vehicles (Case b). As far as passenger assignment, the effect of increasing values of time (and therefore the mean value of time) has the same impact as increasing the demand.
V. CONCLUSION
In this study, we developed analytic models characterizing the intercity transportation system to investigate the relationship between optimum service characteristics and fuel price, which may increase in the future as a result of market forces, environmental policy initiatives, or both. The models predicted TLC of an intercity transportation system including both vehicle operating costs and costs incurred by the passenger. By incorporating both operating and passenger costs, we can compare alternative vehicles with different cost structures and service attributes. The models were developed for both single and mixed vehicle services and determined the vehicle size, technology mix, and frequency to serve a corridor at minimum TLC. Defining vehicles generically and characterizing them simply with a fixed cost, a variable cost per seat, and a passenger cost in the form of travel time, enables the consideration of many intercity transportation vehicles. Furthermore, we considered vehicle size to be endogenous and continuous. This is the benefit of employing continuum approximation models and capturing all pertinent costs in one function.
The TLC models were formulated to be sensitive to fuel price, which may change significantly in the future as a result of market conditions or environmental policies. We found that increasing fuel price changed optimal service characteristics in two ways. First, the fuel price increase results in higher fixed cost, reducing optimal frequencies. The second effect of a fuel price increase involves passenger differentiation. When vehicles become more differentiated due to a fuel price increase, the range of indifference values of time shrinks; making it more possible to segregate passengers according to their values of time. Our models have various corner solutions in which passengers are not divided between different vehicles types but are instead assigned to a single type. These circumstances result in different cases, which must be carefully handled because the TLC function is case-dependent. We developed a systematic algorithm for dealing with this problem so that TLC minimization is assured for any vehicle combination. We then found the minimum TLC combination by enumeration.
The numerical cases also had substantive implications about how significant fuel price increases may affect future intercity transport services. We found that for fuel prices of double that seen in the fuel price spike of 2007-2008, a mixed vehicle fleet of turboprops and jets minimizes TLC over a representative short haul corridor. Generally, we found that for shorter distances the turboprop and the mixed vehicle fleet had the lowest cost; this cost advantage erodes with distance. In addition, we found that the fuel consumption could be greatly reduced by switching to a mixed fleet from jets alone, and even further reduced when switching from a mixed fleet to turboprops alone. These findings are robust to different market densities and values of time.
The practical implications for airlines and public sector policy makers are great. These findings point to the possibility of focusing on the role of turboprops in providing shorter distance service. In addition, to retain the jet service some passengers prefer, airlines could provide a more diversified service; when mixed with jets, turboprops are able to carry passengers with lower values of time and therefore, leverage the cost advantage of serving intercity corridors with a mix of vehicle technologies appealing to passengers with differentiated values of time. Finally, this paper showed that the optimal service mix from a cost and fuel perspective involves turboprops, yet turboprops are not deployed in a widespread fashion, particularly in the US. If public policy makers are interested in retaining current service levels with reduced cost and fuel consumption, the development and deployment of alternative fuels should be prioritized. 
